Reactions of (dichloroiodo)benzene or (dichloroiodo)benzene/iodine with various monoterpenes in methanol provide a selective approach to the respective products of chloromethoxylation or iodomethoxylation of the double bond. The halomethoxylation of (+)-3-carene, carvone, and β-pinene proceeds with especially high regio-and stereoselectivity affording an appropriate single product in each case, while the reaction of limonene gives products of functionalization of both double bonds. This new methodology for the controlled introduction of halogen substituents into the structure of naturally occuring monoterpenes provides an entry into various potentially important synthetic intermediates.
Introduction
The controlled introduction of halogen substituents into the structure of naturally occuring monoterpenes provides an entry into a plethora of important synthetic intermediates and other practically useful products. [1] [2] [3] [4] Numerous examples of bromination, 2 chlorination, 3 and iodination 4 of carvone, pinene, limonene, citral, camphen, pulegone and other terpenes and terpenoids have been reported in the literature. The most common and best investigated reaction is the bromination of terpenes using bromine, 2a N-bromosuccinimide, 2b and other brominating reagents. 2c In contrast, the chemoselective introduction of chlorine or iodine into a terpene structure represents a challenging problem. Several examples of a relatively selective chlorination of terpenoids with hypochlorous acid, 3a tert-butylhypochlorite, 3b or nitrosyl chloride 3c were reported in the literature. Iodination of terpenes has previously been achieved by using iodine or N-iodosuccinimide.
4
(Dichloroiodo)benzene is commonly used as an exceptionally selective chlorinating reagent.
5
In particular, it was demonstrated that (dichloroiodo)benzene can be used for the chlorination of the α-santonin derivatives under free-radical conditions. 6 Recently, we reported that (dichloroiodo)benzene in methanol is a useful reagent for halomethoxylation of simple alkenes and alkynes. 7 Specifically, we have found that (dichloroiodo)benzene or a combination of (dichloroiodo)benzene with iodine can serve as an efficient source of the electrophilic "Cl + " or "I + " species, respectively, in the reactions with styrenes and arylacetylenes in the presence of methanol or water. 7 In the present work, we extend the reaction of halomethoxylation of unsaturated compounds to the more complex system of natural monoterpenes.
Results and Discussion
We have investigated the reactions of (dichloroiodo)benzene or a combination (dichloroiodo)benzene/iodine in methanol with the following terpenes: (+)-3-carene (1a), carvone (1b), α-and β-pinenes (1c), and limonene (1d). Yields of products and reaction conditions are shown in Table 1 . The reaction of (+)-3-carene (1a) with PhICl 2 in methanol at room temperature afforded product of anti-chloromethoxylation (2a) isolated by column chromatography in 42% yield. Under similar conditions, the reaction of carene (1a) with PhICl 2 /I 2 resulted in a selective formation of a single diastereomer (3a) isolated in 90% yield after column chromatography on silica gel (Scheme 1). The formation of single diastereomers (2a) and (3a) due to the Markovnikov-type anti-addition of the electrophilic reagent from the less sterically hindered side of the double bond in (1a) is in agreement with the typical reactivity of (+)-3-carene (for example, see bromoallenyloxylation of (+)-3-carene 8 ). The structure of products (2a) and (3a) was assigned based on high resolution NMR and HRMS. In particular, in 1 H NMR of the iodo-the planar six-membered cycle 9 followed by addition of nucleophilic particle (CH 3 OH) from the opposite side. 
Scheme 1
In contrast to (+)-3-carene, the reaction of 2-carene with PhICl 2 /I 2 resulted in the formation of a complex mixture of unstable products.
The reaction of carvone (1b) with PhICl 2 or PhICl 2 /I 2 in methanol selectively afforded the respective products of chloromethoxylation (2b) or iodomethoxylation (3b) of the terminal double bond, which were isolated by column chromatography in good yields (Scheme 2). It is interesting to note that the previously reported chlorination of (+)-carvone with hypochlorous acid 10a or the electrochemical chlorination 10b of carvone led to a selective formation of the allylic chloride, 9-chlorocarvone. It was also reported that the bromination of carvone resulted in a nonselective addition to both double bonds and carbon C-6 affording the respective tetra-and pentabromide adducts.
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Scheme 2
The reaction of α-pinene and α-terpineol with PhICl 2 in methanol resulted only in the formation of a black tar, while a similar reaction of β-pinene (1c) afforded the product of ring opening (2c) (Scheme 3). Under conditions of iodomethoxylation, the reaction of β-pinene (1c) PhICl 2 /I 2 in methanol afforded a 3:2 mixture of the expected iodide (3c) and the chloride (2c). Likewise, only the chloride (4c), instead of the expected iodide, was isolated from the reaction of β-pinene with PhICl 2 /I 2 in aqueous acetonitrile (Scheme 4).
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Scheme 4
A similar formation of the products of ring opening in the reaction of β-pinene with iodine 11a and NaOCl/CeCl 3 11b was previously reported in the literature. At the same time, the reaction of β-pinene with N-chlorosuccinimide in the presence of catalytic diphenyldiselenide (3%) leads to the products of allylic chlorination with preserved pinene skeleton.
11c
Only few examples of halogenation reactions of limonene (1d) were previously reported. 13 In particular, it was found that bromine adds to both double bonds of limonene with the formation of the respective tetrabromide, 13a while the reaction of limonene with tert-butyl hypochlorite leads to a complex mixture of mono-and dichlorides due to the allylic chlorination or electrophilic addition to the internal double bond. 13b We have found that the chloromethoxylation reaction of limonene with PhICl 2 in methanol has a low selectivity and leads to a large number of products, which we were not able isolate and identify. The iodomethoxylation of limonene with PhICl 2 /I 2 in methanol was more selective and we were able to isolate two major chromatographic fractions from the reaction mixture: the first fraction containing regioisomers 3d and 6d and the second fraction -diastereomers 7d and 8d (Scheme 5).
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Scheme 5
It should be emphasized that the reactions of iodomethoxylation in all cases were more selective compared to the chloromethoxylations. In particular, the GC-MS analysis of the reaction mixtures resulting from the chloromethoxylation of terpenes 1a-1c indicated the presence of polychlorinated compounds as by-products in these reactions. The formation of these polychlorinated by-products explains relatively lower preparative yields of the products of chloromethoxylation (see Table 1 ). a All reactions were conducted at room temperature. b Preparative yields of products isolated after column chromatography.
In conclusion, the reactions of (dichloroiodo)benzene or (dichloroiodo)benzene/iodine with various monoterpenes in methanol provide a generally selective approach to the respective products of chloromethoxylation or iodomethoxylation of the double bond. The halomethoxylation of 3-carene, carvone, and β-pinene proceeds with especially high regio-and stereoselectivity affording an appropriate single product in each case, while the reaction of limonene gives products of functionalization of both double bonds. This new methodology for the controlled introduction of halogen substituents into the structure of naturally occuring monoterpenes provides an entry into various potentially important synthetic intermediates.
Experimental Section
General Procedures. IR spectra were recorded on a Bruker Vector-22 spectrophotometer.
1 H and 13 C NMR spectra were recorded on a Bruker AC-200 NMR spectrometer (200 and 50 MHz), AM-400 (400 and 100 MHz) and DRX 500 (500 and 125 MHz) using Me 4 Si as internal standard and CDCl 3 or CDCl 3 -CCl 4 1:3. Chemical shifts are reported in parts per million (ppm). GC-MS spectra were obtained using Hewlett Packard 5890/II gas chromatograph equipped with quadrupole mass-spectrometer as detector (HP MSD 5971). High resolution EI mass spectra (EI, 70 eV) were recorded on Finnigan MAT 8200 mass spectrometer. Flash column chromatography was performed on silica gel L40/100 µm from Chemapol. Thin layer chromatography was carried out using TLC plates Sorbfil with fixed SiO 2 layer. TLC plates were developed by spraying with the ethanol solution of vanillin (2 g vanillin and 5 ml concentrated H 2 SO 4 in 150 ml EtOH) or FeCl 3 (10% solution of FeCl 3 in EtOH) followed by heating. All solvents were distilled before use. Pinenes were purchased from Fluka; limonene, carene and carvone were purchased from Aldrich. (Dichloroiodo)benzene was prepared by chlorination of iodobenzene with chlorine gas.
General procedure for chloromethoxylation of monoterpenes 1a-d with (dichloroiodo)-benzene in methanol
(Dichloroiodo)benzene (0.281 g, 1.02 mmol) was added to a solution of monoterpene (1.0 mmol) in CH 3 OH (3.0 ml) and the mixture was stirred for 20 min at room temperature. The resulting mixture was poured into water (30 ml), extracted by ether (2x30 ml), washed with 5%-NaHCO 3 (15 ml), water (2x50 ml), and saturated solution of NaCl (50 ml), and dried with Na 2 SO 4 . Ether was evaporated and the residue was dissolved in hexane (3 ml) and separated by column chromatography using hexane first to isolate iodobenzene and then 5:1 mixture hexane-benzene to isolate reaction products 2a, 2b, and 2c.
General procedure for iodomethoxylation of monoterpenes 1a-d with (dichloroiodo)benzene/iodine in methanol (Dichloroiodo)benzene (0.275 g, 1.0 mmol) was added to a solution of iodine (0.267 g, 1.05 mmol) in CH 3 OH (7.0 ml) and the mixture was stirred for 5 min at room temperature. The resulting mixture was added to a solution of monoterpene (2.0 mmol) in CH 3 OH (1.0 ml) and the mixture was stirred for 10 min at room temperature. The resulting mixture was poured into 5% aq. Na 2 S 2 O 3 (20 ml) and treated as described in the previous procedure. Column chromatography using hexane first and then 5:1 mixture hexane-benzene afforded products 3a, 3b, 3c, 3d, 6d, 7d and 8d. (9), 149 (14), 121 (8), 109 (21, 107 (36), 93 (10), 91 (10), 82 (11), 81 (17), 73 (43), 72 (100), 59 (12), 55 (12), 43 (20) , 41 (33). 4-(2-methoxypropan-2-yl)cyclohex-1-ene (2с) 
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